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ABSTRACT
GENETIC INVESTIGATION OF BROOK TROUT (SALVELINUS FONTINALIS)
POPULATION STRUCTURE IN LAKE SUPERIOR TRIBUTARIES LOACTED IN
PICTURED ROCKS NATIONAL LAKESHORE, MICHIGAN, USA
By
Jonathan J. Pearce
This study focused on four tributaries located in Pictured Rocks National
Lakeshore: Miners River, Mosquito River, Sevenmile Creek, and Hurricane River. Eight
microsatellite loci were used to examine genetic diversity and structure between groups
of brook trout. Brook trout were sampled in Open and Restricted sections from each
tributary for wider comparisons between groups. Open designated sections are the
downstream portion of the tributary with access to Lake Superior, whereas each
Restricted section is the upstream portion above a barrier to fish movement (i.e.
waterfall). Adfluvial brook trout were classified from PIT tag movement data from two of
the streams (MOS and SVN). Abundance of classified adfluvial (coaster) brook trout,
individuals that utilize both stream and lake environments, varied between streams
(MOS=35 to SVN= 106). The results showed that adfluvial brook trout were more
closely related to the fluvial brook trout from their stream of capture than to other
designated adfluvial groups. All Restricted sections of rivers were most closely related to
their Open section counterparts, with the exception of Hurricane Restricted which was
most closely related to Sevenmile Open. Within the Restricted sections there was
moderate genetic differentiation between all tributaries. Miners River was the most
genetically distinct population overall followed by Mosquito River, which showed levels
consistent with higher interaction rates between other tributaries. Sevenmile Creek and
i

Hurricane River are the most genetically similar populations. This suggests that there is
more movement of brook trout between Sevenmile Creek and Hurricane River than
between the other sites in PIRO. I suggest that the movement of adfluvial brook trout
between systems is the most likely explanation for these patterns and inter-stream
movement is driving the genetic dynamics found across the population.
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CHAPTER ONE: LITERATURE REVIEW
BACKGROUND
Historically, adfluvial brook trout or adfluvial coasters were found in many
tributaries around Lake Superior. However, they now persist in only a handful of
tributaries, and are believed to have been virtually extirpated from much of their former
range (Newman and DuBois 1997). The coaster designation for a brook trout refers to
two life histories present in the Lake Superior basin, adfluvial and lacustrine. Adfluvial
trout utilize stream habitat as juveniles and lake habitat as adults, returning to the stream
only to spawn, whereas lacustrine trout live in lake habitat for the entirety of their life.
Recently adfluvial brook trout have gained increased attention, in part because of their
unique biology, but also because of the dramatic and steady decline in their numbers
within the lake since the early 1900’s (Newman and DuBois 1997; Schreiner et al 2008).
Unfortunately, very little is known about the basic biology and ecology of the remaining
adfluvial brook trout, including their population structure and habitat use, although recent
publications have started to shed light on these issues (D’Amelio et al. 2008; Huckins et
al. 2008; Huckins and Baker 2008; Kusnierz et al. 2009; Scribner et al. 2012; Sloss et al.
2008; Stott et al. 2010).
The overall lack of past information regarding the life history strategies and
genetic population structure of brook trout in the Lake Superior watershed has hampered
conservation and management efforts and fosters considerable debate regarding
appropriate restoration strategies (Newman and Dubois 1997; Newman et al. 2003). The
decline of coasters has sparked restoration efforts by federal, state, and provincial

1

agencies as well as the Great Lakes Fishery Commission (GLFC) (Newman et al. 2003;
Newman et al. 1998; NPS 2006; OMNR 1989; USFWS 2009; WDNR 2005). Movement
of adfluvial brook trout among lake and riverine habitats as well as jurisdictions with
differing harvest or management regimes increases both the management challenges and
information needs for effective management (D’Amelio et al. 2008). In 2001, BurnhamCurtis attempted to address management concerns of whether coasters constituted a
distinct genetic or evolutionary significant unit (ESU), or were a life history variant of
typical brook trout. This would have allowed coasters to be under the protection of the
Endangered Species Act (ESA) and would have opened new opportunities for funding
resources. Burnham-Curtis used whole-molecule restriction analysis of mitochondrial
DNA (mtDNA) to estimate genetic relatedness between different populations around
Lake Superior. Her results showed substantial geographic variation within Lake Superior,
but little geographic structure between stream resident and lacustrine brook trout
populations. Instead, the observed mtDNA diversity appeared to reflect postglacial recolonization by ancestral brook trout haplotypes (Danzamann et al. 1998) and did not
partition the forms. Similarly, D’Amelio and Wilson (2008) working in Nipigon Bay,
Lake Superior, demonstrated that coaster brook trout are a life history variant or ecotype
derived from riverine brook trout populations, rather than a genetically distinct lineage.
With the recognition of coasters as a life history variant, research and management efforts
can be focused on the factors limiting their production within tributaries and their
survival within Lake Superior (D’Amelio and Wilson 2008).
Genetic assessment of stock structure or mixed-stock analysis historically
required lethal sampling and provided relatively low-resolution information; however, the
2

development of the polymerase chain reaction (PCR) technique has greatly enhanced
genetic research on many organisms, including fish (Avise 2004). PCR techniques
require minimal tissue taken by non-lethal means which permits its use with threatened
populations and species. In addition, PCR has enabled the use of highly variable genetic
markers such as microsatellite DNA loci (Avise 2004). Microsatellite sequences are
tandemly repeated short motifs that may display a high level of polymorphism (Litt and
Lutty 1989; Weber and May 1989). The repeated stretches of DNA are replicated with
low fidelity, leading to a high mutation rate and high polymorphism mostly due to
variations in the number of basic motifs in the repeated sequence, and are considered the
genetic workhorse in fisheries (Chistiakov et al. 2006). The sensitivity afforded by this
technique has prompted its use in assessing stock structure, the contributions of particular
stocks to mixed-stock fisheries, and the movement patterns and connectivity among
populations at much finer scales than previously possible (e.g., Beacham and Wood
1999; Fontaine et al. 1997; O’Reilly et al. 1996; Spruell et al. 1999). Microsatellite
markers have supplanted allozymes as the genetic markers of choice for many
management and biological, problems including genetic stock identification, parentage
assignment, forensics, and genome mapping (King 2008).
Microsatellite DNA analysis is an ideal tool to investigate the degree of
relatedness among populations exhibiting small effective population sizes because of the
hyper-polymorphism (large number of alternate sized DNA fragments) observed (King
2008). Polymorphism can be detected by electrophoresis following PCR amplification,
using a pair of flanking unique primers (Angers et al. 1995). Due to the higher number of
alleles per locus detected, and because of their population specific distribution,
3

microsatellites reveal finer scale resolution than allozymes for detecting demographic
factors such as founder events associated with post-glacial recolonization and for
estimating gene flow more accurately on a microgeographic scale (Angers et al. 1995).
The multilocus genotypes are a DNA fingerprint that can correctly separate fish into
related populations, families, or individuals depending on the level of resolution desired
(King 2008). The fine scale data that microsatellites produce can provide an indirect
measure of movement via estimation of genetic neighborhoods and gene flow. First
generation migrants can be detected if the source and recipient populations are
sufficiently different (Cornuet et al. 1999).
STUDIES IN LAKE SUPERIOR
The four regulatory agencies that manage the Lake Superior basin (MNDNR,
WIDNR, MIDNR and OMNR) have all been investigating the biology and status of
coaster brook trout since the early 2000’s. Numerous studies have examined brook trout
populations along the north shore of Minnesota (Stott et al. 2010), Wisconsin (Sloss et al
2008), Lake Nipigon in Ontario Canada (D’Amelio and Wilson 2008), and streams in the
north-central Upper Peninsula of Michigan (Huckins and Baker 2008; Kusneirz et al
2009; Leonard et al. 2013; Scribner et al. 2012) (Figure 1.1). Agencies are trying to
manage the brook trout in order to help bring the coasters back to a significant presence
around Lake Superior. This would preserve a life history ecotype as well as create a
fishery that would bring many anglers to the area in pursuit of large brook trout. To date
there has not been a large scale genetic analysis of the brook trout in Pictured Rocks
National Lakeshore (PIRO).
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ONTARIO, CANADA
One of the last strongholds of adfluvial brook trout is along the north shore of
Lake Superior in Nipigon Bay, Ontario, Canada. D’Amelio and Wilson (2008)
investigated this population in Nipigon Bay and surrounding tributaries as well as
isolated populations of brook trout above impassible waterfalls. This system allowed
them to compare the genetic structure of populations with access to the lake and those
that were isolated. Six tributary rivers that drain into Nipigon Bay and Black Bay in Lake
Superior were chosen based on telemetry data from fish caught in Lake Superior and
tracked back to these rivers, as well as known systems that produce coasters. Sample size
per location ranged from 25 to 50 for below barrier sites and 19-30 for above barrier
sites. To assess the genetic contribution from stocking events, Nipigon hatchery
broodstock were used for comparison with wild caught individuals. Genetic diversity was
assessed within and among sample locations and allele frequencies, richness, and
expected and observed heterozygosity were calculated.
D’Amelio and Wilson (2008) suggest that coasters and riverine brook trout
populations are independent, that coasters act as vectors for gene flow among select
tributary habitats, and clearly identify coaster brook trout as a potadromous ecotype
produced by riverine brook trout populations rather than a genetically divergent ESU.
The multilocus analyses revealed that many coasters were more closely related to
individual, river-resident brook trout than to each other, refuting the concept of coasters
as a separate stock. The clear demonstration of shared ancestry between coaster and riverresident brook trout, along with the interdependency of lake and river populations,
highlighted the need to rehabilitate tributary systems in order to restore coaster numbers.
5

Gene flow among spawning populations in this system further confirmed that, under
normal conditions, brook trout populations in continuous lake-river environments
function as stable metapopulations (between tributaries). The data from the sampled
populations seem to indicate that, despite decades of hatchery stocking in the system,
wild recruitment has had the most substantial contribution to the standing stocks of brook
trout within Nipigon Bay.
MINNESOTA, USA
Stott et al. (2010) investigated the genetic diversity of brook trout in Lake
Nipigon (Ontario), Isle Royale National Park, and three Lake Superior tributaries (Onion
R, Kadunce Cr, and the Cross R) along the Minnesota shoreline. In this study a total of
378 brook trout were used with a range of 18 to 57 individuals per sample site. These
samples were scored for 12 microsatellite markers. Stott et al. (2010) found evidence of
genetic population structure at both broad and fine scales and the data indicate that
significant genetic variation remains in Lake Superior and at Isle Royale. They found five
major clusters of populations separated by significant disruption of gene flow, with Isle
Royale being genetically and geographically distinct from the other sites surveyed.
WISCONSIN, USA
Sloss et al (2008) studied four south shore streams in northern Wisconsin (Bark R,
Bois Brule R, Graveyard Cr, and Whittlesey Cr) that historically were thought to have
produced coaster brook trout. They investigated the genetic structure as well as genetic
introgression of stocked strains of known coasters (i.e. Siskiwit and Tobin Harbor
strains). This study analyzed 13 microsatellite DNA loci. Sloss et al. (2008) found the
6

genetic diversity in their streams to be consistent with that of similar studies conducted
throughout the basin, with some streams having slightly higher measures of diversity than
others (Bois Brule R) and Whittlesey Cr. having the most private alleles. The authors
were able to accurately assign the correct origin of individuals (98.6%) between
populations, and detect first generation hybrids (90.5-100%) of the stocked and native
strains. They concluded the current population structure found along Wisconsin’s Lake
Superior south shore is a result of the genetic post glaciation recolonization coupled with
extensive stocking in the region. The high level of genetic differentiation observed in the
study streams is suggestive of a complete lack of gene flow among populations. This may
be a consequence of the disappearance of the adfluvial phenotype, which has been
thought to be a vector of gene flow between populations.
MICHIGAN, USA
Scribner et al. (2012) investigated the Salmon Trout River (STR), which is one of
a few remaining tributaries along the southern shore of Lake Superior known to be
inhabited by a viable remnant population of coaster brook trout. They looked at the
genetic differentiation and evidence of introgression among stream resident brook trout
above a natural barrier, and putative stream residents and adfluvial (coaster) brook trout
from below the barrier. Nine microsatellite markers were used. Scribner et al. (2012)
found that throughout the stream there was high genetic diversity across the sampling
groups. Data from this study revealed that relative differences between coaster and
instream lower river brook trout from the STR are small compared to levels of variation
among geographically proximal streams (Scribner et al. 2005). There is evidence of gene
flow between upper and lower Salmon Trout River groups and of inter-breeding between
7

the two forms. The Salmon Trout River showcases the complexity of brook trout life
histories and the mechanisms driving this variation through the apparent association
between the resident behavior and gene flow from a true resident population above a
natural barrier.
In PIRO, researchers have been working extensively with brook trout since 2003,
collecting ecology and life history data from brook trout, as well as tissue samples.
Kusneirz et al. (2009) published a study on the movements of the brook trout in
Hurricane River in PIRO. They compared movement patterns, age, size, condition, and
relative weight of wild adfluvial and stream resident brook trout, and found no difference
between the two types of brook trout. Kusneirz et al. (2009) suggested that the movement
seen in coasters was most likely driven by habitat requirements and may be flexible and
facultative.
Most recently Leonard et al. (2013) investigated the degree of differentiation
among the three rivers and whether the unmarked brook trout that were captured were
wild fish, recaptured hatchery fish, or the offspring of hatchery fish. They used 11
microsatellite loci. Brook trout were assigned to a cluster consistent with their geographic
(river) or hatchery (strain) origin 94.2% (212 of 225). Hatchery fish were distinct and
were correctly identified 97.6% of the time. The brook trout that were identified as wild
emigrants through telemetry were grouped with the genetic cluster consistent with their
initial river of capture. Leonard et al (2013)\ found very little evidence of successful
reproduction of stocked brook trout or the introgression of stocked genetic material into
the resident PIRO brook trout.
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CONCLUSIONS
Brook trout throughout the Lake Superior basin have been investigated through
the use of both mitochondrial DNA and microsatellite techniques. Populations around the
basin exhibit high genetic diversity and various ecotypes including; fluvial (stream
residents), lacustrine coasters and adfluvial coasters. It is understood now that coaster
brook trout are not a separate ecologically significant unit, but are most closely associated
and related to resident stream brook trout (USFWS 2009). It may be that the presence of
an adfluvial phenotype in the population would allow for re-colonization events as well
as population dispersal and a vector for gene flow into surrounding populations.
This study used techniques and analyses similar to those that other researchers
have used in other portions of the Lake Superior Basin. This project is the first large
investigation of the genetic structure of brook trout in the Lake Superior basin in the
Eastern Upper Peninsula of Michigan. The decision to use similar microsatellites and
analysis as those used in other studies around the basin was to facilitate future
comparisons with more distant populations. Managers in PIRO will be able to utilize the
genetic data to better implement harvest regulations and management decisions on these
tributaries found in the park. This project contributes to our understanding of genetic
diversity found in brook trout populations across the Lake Superior basin. The research in
PIRO also provides additional information on the genetics of adfluvial brook trout and
their role in metapopulations and the movement of genetic material between neighboring
river systems.
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Figure 1.1.—Map of Lake Superior showing approximate locations of brook trout genetic
population structure publications.
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CHAPTER TWO: GENETIC POPULATION STRUCTURE OF BROOK TROUT
(SALVELINUS FONTINALIS) IN PICTURED ROCKS NATIONAL LAKESHORE,
MICHIGAN, USA.
CHAPTER OVERVIEW
This study focused on four tributaries located in Pictured Rocks National
Lakeshore: Miners River, Mosquito River, Sevenmile Creek, and Hurricane River.
Samples were used from the 2011 sampling period for the open sections of Mosquito R.,
Sevenmile Cr. and Hurricane R. Sampling was performed in the restricted sections of the
three previous streams and Miners River during the 2012 field season. Two smaller
streams were also sampled (Sullivan’s and Sable) in order to create a larger genetic
profile of PIRO, however, due to low sample size (N=9) they were dropped from the
main analysis. Eight microsatellite loci were used to examine genetic diversity and
structure between groups of brook trout. Comparisons were performed between all
groups (Open and Restricted) as well as within groups (Open or Restricted), to estimate
the genetic diversity and relatedness between various sample sites. All Restricted sections
of rivers were most closely related to their Open section counterparts, with the exception
of Hurricane Restricted which was most closely related to Sevenmile Open (Table 2.16).
Miners River was the most genetically distinct population overall with the highest correct
assignment percentages, Fst values, and Nei’s Genetic Distance (Table 2.11; Table 2.16;
Table 2.17). Following Miners River was Mosquito River, then Sevenmile Creek and
Hurricane River were the most genetically similar populations with much lower
assignment percentages, Fst values, and Nei’s Genetic Distance (Table 2.11; Table 2.16;
Table 2.17). In addition, Sevenmile and Hurricane had the most individuals misassigned
11

to each other, also indicating a higher genetic similarity (Table 2.20). This would suggest
that there is more movement of brook trout between these systems than between other
sites in PIRO. I suggest that the movement of adfluvial brook trout between systems is
the most likely explanation for these patterns.
INTRODUCTION
Brook trout (Salvelinus fontinalis) display differential use of habitat through
variation in migratory behavior or morphology associated with different ecological
niches. Features such as body form, feeding morphology, and diet preference vary widely
(Power 1980). In the Lake Superior basin brook trout exhibit a multitude of life histories
such as fluvial, lacustrine and adfluvial. Fluvial fish, sometimes termed resident brook
trout, spend their entire life within tributary streams of Lake Superior whereas lacustrine
fish live entirely within the lake and spawn in shallow areas (Becker 1983). Brook trout
that spend part of their life within the lake, but return to the stream to spawn are adfluvial
fish. Both lacustrine and adfluvial fish in Lake Superior are known as coasters because of
their purported use of the nearshore lake area; coasters generally grow larger than stream
resident fish and are highly sought by anglers (Huckins et al. 2008; Newman et al. 2003)
Brook trout are one of only two native salmonids to inhabit the Lake Superior
basin and these gamefish provide a large recreational fishery and economic benefit to
local communities from anglers traveling to catch these striking native trout (Becker
1983). In recent years, the habitat around Lake Superior has been altered by several
anthropogenically induced changes, including overharvesting, stream habitat damage
from intense logging, and the introduction of non-native fish. Brook trout found in the
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Lake Superior basin present significant difficulties for fisheries managers due to the
complexity of this species’ life history traits (Power 1980; Schreiner et al. 2008). Lake
Superior brook trout were managed in the past largely as a single ecotype, and population
boundaries were defined by tributary, which resulted in management being focused at the
watershed level. Estimates of harvest pressure and suitable habitat availability did not
accurately address the substantial life history variability that exists within this group of
trout (Newman and DuBois 1997; Newman et al. 2003; Schreiner et al. 2008).
Conservation and restoration efforts for brook trout have focused on the
improvement of instream habitat, changes in harvest regulations, and the stocking of new,
wild-type hatchery strains. There is a real concern for the loss of genetic diversity and
ecotypes such as the coaster (adfluvial and lacustrine) ecotype across populations of
brook trout in Lake Superior. The U.S. Fish and Wildlife Service (USFWS 2009) was
petitioned to evaluate and protect the coaster brook trout under the Endangered Species
Act (ESA). This petition was denied due to the need for improved understanding of the
ecology and life history of this group of brook trout and brook trout in the region in
general (Schreiner et al. 2008; USFWS 2009). Since the denial of protection under the
ESA, researchers have focused attention on this task and numerous publications have
furthered understanding on coaster habitat use (Huckins and Baker 2008; Mucha and
Mackerath 2008; Robillard et al. 2011), spawning site fidelity (D’Amelio and Wilson
2008), and ecology (Huckins et al. 2008; Robillard et al. 2011). Additionally, the widespread use of genetics to study brook trout throughout the Lake Superior basin is
allowing researchers to describe the diversity present across populations, the
introgression and detection of hatchery strains in specific populations, and to determine if
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coaster brook trout are a genetically distinct group (Burnham-Curtis 2001; Leonard et al.
2013; Scribner et al. 2012; Sloss et al. 2008; Stott et al. 2010; and Wilson et al. 2008)
Currently, PIRO brook trout are managed on a stream or watershed basis. State
fishing regulations for brook trout vary by stream, and are different from the regulations
for the brook trout fishery in Lake Superior. The current regulations do not adequately
address the inter-stream migratory behaviors that have been documented in PIRO brook
trout. Furthermore, variations in daily bag limits and minimum length limits for brook
trout in Lake Superior basin are different from stream resident brook trout found in
PIRO. My project will address the actual population genetic structure found between four
tributaries in PIRO. I will be able to discern relationships between the Open
(downstream) and Restricted (upstream) populations. These findings could be applied in
the discussion about appropriate regulatory strategies for enhancing brook trout success
within PIRO to ensure biodiversity is retained.
METHODS
Study site.—Pictured Rocks National Lakeshore (PIRO) was authorized as
America’s first national lakeshore by Public Law 89-668 on October 15, 1966, and it was
formally established on October 6, 1972. PIRO is situated along the southern shore of
Lake Superior in Alger County in Michigan’s Upper Peninsula. It extends 62 kilometers
(km) between Munising on the west end and Grand Marais on the east end, and is 4.8 km
at its widest point. PIRO’s boundary extends into Lake Superior out to 0.4 km
perpendicular to shore, which protects 2,252 ha of Lake Superior’s surface area
(Mechenich et al. 2006). PIRO includes 19 named streams and in general streams are
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short and have moderate gradients, although Hurricane and Sullivan’s are low gradient.
Flow discharge generally is highest in the late spring and early summer from a
combination of snowmelt and spring rains. PIRO’s watersheds and their drainage patterns
are determined mostly by the topography of underlying Cambrian rock and surficial
Pleistocene and Holocene sediments (Mechenich et al. 2006).
Six Lake Superior tributaries were chosen for this study; Miners River (MNR),
Mosquito River (MOS), Sevenmile Creek (SVN), Sullivan’s Creek (SUL), Hurricane
River (HUR), and Sable Creek (SAB) (Table 2.1; Figure 2.1). All tributaries are second
order streams, with the exception of Miners River, which is a third order stream. Sable
Creek originates from Grand Sable Lake, and Miners River flows through Miners Lake
before reaching Lake Superior. A number of waterfalls are found within PIRO, including
four on the study rivers, Miners R., Mosquito R., Hurricane R. and Sable R. (Handy and
Twenter 1985) (Figure 2.2).
Fish communities in the six rivers are dominated by brook trout, daces
(Rhinichthys spp.), minnows (Notropis spp.), suckers (Castomus spp.), central
mudminnow (Umbra limi), and sculpins (Cottus spp.) (Boyle et al 1999, Leonard et al.
2013). In addition, a number of exotic aquatic invasive species have been found in PIRO,
including the sea lamprey (Petromyzon marinus), brown trout (Salmo trutta), splake
(Salvelinus fontinalis x namaycush), steelhead (rainbow) trout (Oncorhynchus mykiss),
pink salmon (Oncorhynchus gorbuscha), coho salmon (Oncorhynchus kisutch), Chinook
salmon (Oncorhynchus tshawytscha), and rainbow smelt (Osmerus mordax) (Leonard et
al. 2013; Mechenich et al. 2006).
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Field methods.—Brook trout were sampled using backpack electrofishing during
the 2011 and 2012 field seasons. Each stream was designated into two sections (Open or
Restricted) based on barriers found in the stream. Open sections were the downstream
portions of the tributary with access to Lake Superior whereas the Restricted sections
were the upstream portions of the tributary (Figure 2.1). The 2011 samples that were
collected were from the downstream (Open) sections of Mosquito River (MOS),
Sevenmile Creek (SVN) and Hurricane River (HUR). All samples were evenly
distributed throughout all designated reaches in the streams (2-14). The 2012 samples
that were collected were from the Open sections of Miners (MNR), Sullivan’s (SUL) and
Sable (SAB). The upstream sections (Restricted) were sampled above barriers (i.e.
waterfalls) on Miners, Mosquito, and Hurricane, while Sevenmile was sampled just
below Sevenmile Lake (2.5 km upstream) due to incomplete barriers (beaver dams). In
addition, samples collected on the Sable River during the summer of 2005 were also used
to increase the sample size in this section due to low N. The collection effort resulted in a
total of 348 brook trout ranging 55–293 mm TL (mean ± SD: 148.1 ± 32.0 mm). Each
captured brook trout was measured for total length (TL, mm) and weight (g) (Table 2.2).
Caudal fin clips were collected from all captured brook trout for genetic analysis.

Genetic analyses.—Fin tissue samples were taken from the caudal fin and placed
in individual sampling tubes containing 95% EtOH. Samples were stored at -20˚C until
extractions were performed. DNA was extracted from all samples using QIAGEN
DNeasy kits (QIAGEN, Valencia, California, USA). Eight microsatellite markers were
employed including Sfo8, Sfo12, Sfo 18 (Angers et al., 1995), C24, D75, C28, C38 (T.
King, unpubl. data), and C113, C115 (Sloss et al. 2008) (Table 2.3). Loci were amplified
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using polymerase chain reaction (PCR) in 10 μl reaction volumes including: 6μl dH20,
1μl PCR buffer (Bullseye), 1μl or 0.6μl 25 mM MgCl2, 0.4μl dNTPs, 0.1μl forward
primer with CAG tag, 0.3μl florescent labeled CAG tag (Mullen et al. 2006; Schuelke
2000), 0.4μl reverse primer, 0.2μl of Taq polymerase (Bullseye), and 1μl of DNA.
Primers were used at a concentration of 10 mM. Loci were amplified on a BioRad
Thermocycler under a variety of primer specific conditions (Table 2.4, Appendix 1). A
subsample of the PCR product was visualized on 1% agarose gel to check for quality
assurance before pooling 4 microsatellites with different fluorescently labeled CAG tags
(PET, VIC, NED, FAM) into 96-well plates. For genotyping, a master mix containing
11.5μl HI-DI formamide and 0.5μl GS600LIZ size standard per well sample was
prepared, and 12μl of the master mix was aliquotted to each well on a 96-well plate for
fragment analysis, then, 1μl of the pooled PCR product was added to the correct well.
Samples were run on an ABI PRISM 3100-Avant Sequencer. Genotypes were scored
based on 20 base-pair standard (GS600 LIZ) through the use of GeneMapper Software
Program. All genotypes were checked for proper scoring by experienced laboratory
personnel.

Statistical Analyses.— The program GeneMapper was used to properly align
fragments and score alleles in the eight different loci. Exporting the binned alleles from
GeneMapper to Excel, the genetic statistical software program GenAlEx 6.5 (Peakall and
Smouse 2006, 2012) was used to calculate frequency-based analyses including Fstatistics, expected and observed heterozygosity, Hardy-Weinberg Equilibrium (HWE),
population assignment and relatedness, as well as distance-based genetic statistical
analyses such as Nei’s Genetic Identity and Distance analyses (Nei 1972). Adjustment of
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the HWE P-value utilized sequential Bonferroni corrections for multiple tests as
described by Rice (1989). This technique is not as conservative as a normal Bonferroni
correction, which can lead to type II errors. Analyses were performed with and without
Sullivan’s Creek and Sable River, but I have focused on the results with these excluded
due to small sample size for these sites (N = 9). Analysis, results and discussion of this
thesis will focus on the four main tributaries (MNR, MOS, SVN, HUR).

RESULTS

This study resulted in the collection and analysis of 330 brook trout from PIRO.
Of these samples, 210 were collected from the Open (downstream) sections and 120
samples were collected from the Restricted (upstream) sections (Table 2.5). Due to low
sample numbers, brook trout from Sullivan’s Creek and Sable Creek were dropped from
the majority of the analyses.

All eight loci were polymorphic across all populations (Table 2.6) with the total
number of alleles ranging from 2 (Sfo-C115) to 22 (Sfo-8). Significant deviations from
Hardy-Weinberg (HW) expectations were observed at 28 locus-per-population
comparisons. Locus Sfo-8 consistently deviated from HW expectations and, even after
sequential Bonferroni corrections were performed, ten instances remained significant.
Deviations from HW expectations can be due to a number of factors including the
presence of null alleles, nonrandom sampling, or scoring errors, and it can be difficult to
determine the true cause (Castric et al. 2002). Locus Sfo-18, Sfo-C28 and Sfo-C115 all
had one comparison remaining significant after corrections. All remaining locus HW
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deviations were rendered nonsignificant after sequential Bonferroni corrections (Table
2.6).

Genetic Diversity
A consistent level of genetic diversity was observed within and between the
sampled populations (Table 2.7). The average observed heterozygosity over all loci was
lowest in the samples from Sevenmile Creek Restricted (0.462) and highest in Miners
River Restricted (0.729). The lowest average number of alleles was found in Sevenmile
Creek Restricted (6.5) and the highest in Sevenmile Creek Open (11.125). There was a
trend for slightly lower measures of diversity (heterozygosity and mean number of
alleles) in the Restricted sections of the rivers with the exception of Miners Restricted
which had higher observed heterozygosity (0.729) with lower average number of alleles
(10.000) compared to that of the Open section of Miners River (H₀ = 0.707, A = 10.625).
Comparison within the Open sections resulted in a low average heterozygosity in
Sevenmile Creek Open (0.609) and a high heterozygosity in Miners River Open (0.707).
The lowest average number of alleles was found in Mosquito River Open (9.500) and the
highest in Sevenmile Creek Open (11.125). Comparison of the Restricted sections
resulted in a low average heterozygosity in Sevenmile Creek Restricted (0.501) and a
high found in Miners River Restricted (0.729). Lowest average number of alleles was
found in Sevenmile Creek Restricted (6.500) and the highest in Miners River Restricted
(10.000).
Forty-two private alleles were observed within the PIRO brook trout populations,
ranging from a low of 2 (MOSR, SVNR) to a high of 9 (MNRO) (Table 2.8). There was a
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trend for slightly lower numbers of private alleles in the Restricted sections than that of
the Open sections of the river. Comparisons of the Open sections resulted in the fewest
private alleles found in Mosquito River Open (4) and the highest found in Miners River
Open (9). Comparisons of the Restricted sections resulted in the fewest private alleles in
both Mosquito Restricted and Sevenmile Restricted (2) and the highest found in both
Miners Restricted and Hurricane Restricted (7).
The measures of population subdivision (Fst = (Ht - Mean He) / Ht) overall in
PIRO populations was 0.077 (Total N) and between groups the measures were 0.057
(Open) and 0.080 (Restricted) (Table 2.9). Significant deviation of Fst from zero
(indicating genetic subdivision) was observed between all sampled populations (P<0.001;
1,000 iterations). Likewise, significant deviations in allele frequency were observed for
all pairwise comparisons (P< 0.01; 100 iterations). According to Wright (1978), Fst
values of 0.05 to 0.15 show moderate differentiation, and both sampled groups fell into
this range. Comparison between Open and Restricted Sections of the rivers resulted in a
range of Fst values between 0.014 (MNR) and 0.042 (SVN) (Table 2.10). Overall, the
differentiation found between above and below the barriers was less than that of the
differentiation found between rivers (Avg. 0.028, Open 0.057, Restricted 0.080).
Measures of the inbreeding coefficient (Fis = (Mean He - Mean Ho) / Mean He) across the
PIRO Open and Restricted populations was 0.103 and between groups 0.106 and 0.096
respectively (Table 2.11). Investigation into the comparison of Fis between Open and
Restricted Sections of the rivers resulted in a range between 0.089 (MNR) and 0.115
(SVN) (Table 2.12).
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Another way to estimate the genetic relationship between populations is Nei’s
Genetic Distance D (Nei 1972). Relative to the Open populations in PIRO, Miners River
had the greatest genetic distance of all other streams, but it was closest to Mosquito
(0.380) (Table 2.19). Mosquito River and Sevenmile Creek were more closely related to
Hurricane River than any other stream (0.136 and 0.085). Looking at the Restricted
sections found again that Miners River was the least related to all other streams, but it
was closest to Mosquito Restricted (0.334) (Table 2.20). Mosquito River Restricted was
most closely related to Sevenmile Creek Restricted (0.191), Sevenmile River Restricted
was most closely related to Hurricane River restricted (0.155) and Hurricane Restricted
was most closely related to Sevenmile Restricted (0.155).
Comparing relatedness across the Open and Restricted sections in PIRO showed
that Miners River Open was most closely related to Miners River Restricted (0.119),
Mosquito River Open was most closely related to Mosquito River Restricted (0.119),
Sevenmile Creek Open was most closely related to Hurricane River Open (0.085),
Sevenmile Creek Restricted was most closely related to Sevenmile Creek Open (0.138),
Hurricane River Open was most closely related to Sevenmile Open (0.085), and finally
Hurricane River Restricted was most closely related to Sevenmile River Open (0.126)
(Table 2.21).
Assignment Testing
Individual assignment tests between the Open populations showed slightly lower
accuracy (avg. 74.5%) compared to the Restricted populations (avg. 80%). Within both
the Open and the Restricted section more than 70% were correctly assigned to their
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original collection site, with the exception of Hurricane Open (53%) (Table 2.13).
Assignment was highest for both Open and Restricted sections in Miners River (87%,
87%) and lowest in Hurricane (53%, 70%) (Table 2.13; Table 2.14). Comparison of the
Open and Restricted populations of the same river resulted again in more than 70%
correctly assigned to their original collecting site. Sevenmile Creek had the overall
highest correct assignment (SVNO = 84%, SVNR = 97%) and Miners River had the
lowest with both the Open and Restricted assigned correctly at 70% (Table 2.16).
Investigating where the misassigned individuals were placed helped show where
possible shared gene pools and gradients of genetic differentiation were occurring
between groups. Examining the Open sections of the study sites found that within Miners
River, equal number of fish were assigned to both Mosquito R. and Sevenmile Cr. (2/4
BKT); Mosquito River (MNRO 4/8, SVNO 3/8, HURO 1/8); Sevenmile Creek (MNRO
1/13, MOSO 5/13, HURO 7/13); Hurricane River (MNRO 1/14, MOSO 5/14, SVNO
8/14) (Table 2.17). Investigating the Restricted Sections found Miners River (MOSR 2/5,
SVNR 1/5, HURR 1/5); Mosquito River (MNRR 1/6, SVNR 4/6, HURR 1/6); Sevenmile
Creek ( MOSR 4/5, HURR 1/5); Hurricane River (MOSR 5/8, SVNR 5/8) (Table 2.18).
DISCUSSION
Microsatellite DNA loci were used to evaluate the genetic structure of brook trout
from four major tributaries of Lake Superior located in Pictured Rocks National
Lakeshore and varying degrees of genetic differentiation were found. Although extensive
stocking of brook trout populations has occurred around Lake Superior, genetic studies
indicate that a substantial amount of natural genetic variation remains (Burnham-Curtis
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2001; D’Amelio and Wilson 2008; Danzmann and Ihssen 1995; Danzmann et al. 1998;
Leonard et al 2013; and Wilson et al. 2008). In Pictured Rocks National Lakeshore,
despite varying levels of hatchery stocking in the tributaries, wild recruitment has the
most substantial contribution to the standing stocks of brook trout in the park (Leonard et
al. 2013). Levels of heterozygosity observed in this study are within the range reported
in previous studies of brook trout around Lake Superior (D’Amelio and Wilson 2008;
Sloss et al. 2008; Stott et al. 2010).
Higher allelic diversity among Open populations may be due in part to dispersal
and gene flow among sites (Table 2.7). Among the Open groups, this study identified
three distinct groups based on genetic distance, Fst estimates, and individual assignment
tests. The recognizably distinct brook trout from Miners River and Mosquito River
contrasted with the more admixed gene pool among Sevenmile Creek and Hurricane
River (Table 2.11; Table 2.16; Table 2.17). These data also indicated low levels of gene
flow between the shared gene pool of Sevenmile Creek and Hurricane River to Mosquito
River. On a geographic scale, the closest rivers together (Figure 2.1), Sevenmile Cr. and
Hurricane R., were genetically very similar and had large proportions of the misassigned
individuals being assigned to each other. In contrast, that with the farthest river (Figure
2.1), Miners R. was the most distinct group of brook trout and had very few individuals
be misassigned. The majority of misassigned individuals from Miners R. were assigned
to the next river to the east, Mosquito River.
Although Sullivan’s Creek was dropped from the main analysis of this study due
to low sample numbers, I felt that the results did shed some light onto the dynamics
occurring between the geographically close Sevenmile Creek, Sullivan’s and Hurricane
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River (Figure 2.1), although the results should be interpreted with caution. When
Sullivan’s Creek was included in the analyses, the addition did not affect the Pairwise Fst
results for the rest of the groups and the Sullivan’s group was found to be genetically
most similar to Sevenmile Creek Open (Table 2.22). When included in the assignment
test with the other Open sections, the percentage of individuals assigned correctly to
SVNO drops from 74% to 66% (Table 2.23). An interesting aspect of this result is that
the Sevenmile Creek Open group is more similar genetically to Hurricane Open which
suggests that most fish bypass the mouth of Sullivan’s Creek while moving between
systems. Sullivan’s Creeks mouth is continuously moving across a sand beach, and in
certain times of the year, is not directly connected to Lake Superior, but flows under the
sand or is blocked by sand bars when there is low water flow (Leonard pers. comm). This
could be the reason why the level of differentiation between Sullivan’s Creek and
Sevenmile Creek is slightly higher than between Sevenmile’s Open and Restricted
Sections. While these preliminary results offer a hypothesis of the underlying relatedness
between these tributaries, they must be interpreted with caution until more samples can
be collected and analyzed.
This study revealed that all Restricted sections of rivers were most closely related
to their Open section counterparts, with the exception of Hurricane Restricted which was
most closely related to Sevenmile Open (Table 2.16). Within tributaries, microsatellite
allele frequencies and individual assignment calculations provided evidence of limited
downstream movement between contiguous brook trout populations (Table 2.7; Table
2.8; Table 2.19). Scribner et al. (2012) found that variance in allele frequency between
above and below-barrier brook trout far exceeded levels of variance among brook trout
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from below-barrier sections of other drainages or between migratory brook trout and
individuals collected from instream below-barrier sections for the same stream.
D’Amelio and Wilson (2008) also found that brook trout above and below barrier
waterfalls were more highly differentiated than were brook trout from below a barrier.
Connectivity between above and below-barrier populations varied considerably among
rivers, varying from 12m waterfalls to beaver dams. Greatest differences observed among
above-barrier sites reflected their geographic distance between Open and Restricted
sections. Some restricted sites were collected immediately above the barrier (HUR),
others up to 2.5km upstream (SVN). The farther geographic distance in the case of
Sevenmile Creek presented multiple barriers for fish dispersal in the form of beaver
dams, whereas the closer geographically collected sites utilized only one barrier
(waterfalls of varying heights).
Hurricane Restricted was the only upstream section to not be most closely related
to the downstream (Open) section of the same river (Table 2.11). Hurricane Restricted
was most closely related to Sevenmile Open. There are two possible explanations for this
pattern: 1) dispersal of HURR brook trout over the barrier and into Lake Superior and
then into Sevenmile Creek (14km west) is bringing genetic material and any unique
private alleles into the Sevenmile Creek gene pool. 2) the Open section of Hurricane R. is
very short and may not provide habitat suitable for resident fluvial brook trout and that
population is actually comprised of adfluvial trout from surrounding streams (e.g.
Sevenmile Creek). This short section of Hurricane River Open is utilized by numerous
runs of other fish for spawning (i.e. steelhead trout, coho salmon and longnose suckers)
which may displace brook trout at certain times of year also adding to the complexity and
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relationship of this section to surrounding tributaries (Kusnierz et al. 2009; Leonard pers.
Comm.)
Investigating the genetic population structure of brook trout in Pictured Rocks
National Lakeshore shed light onto the complexity of interactions between tributaries in
the park and around Lake Superior. Knowing that there are still adfluvial ecotypes
present in tributaries in PIRO (Cross and Leonard unpublished; Kusneirz et al. 2009) and
looking at the gradient of genetic relatedness between systems that are known to produce
movers is interesting, and has implications for the management of this species in PIRO
and elsewhere. This study was able to show varying levels of genetic similarity between
populations which corresponded with geographic distance and movement probabilities
between the tributaries.
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Table 2.1.—Physical characteristics of six study streams located within PIRO, Michigan.
Watershed
Area (ha)

Length
(km)

Range of
discharge (mᶟ/s)

Waterfall
distance from
mouth (km)

Miners River

6,863

13.4

0.36-3.0

3.45

Mosquito River

3,411

8.5

0.11-1.09

2.36

Sevenmile Creek

2,103

2.5

0.439-0.694

NA

Sullivan’s Creek

1,885

6.9

0.068-0.210

NA

Hurricane River

3,548

5.6

0.269-0.844

0.11

Sable Creek

3,263

3.2

0.079-1.246

0.15

Stream

(Handy and Twenter 1985; MIDEQ 1998; Boyle et a. 1999; Mechenich et al. 2006)

Table 2.2.—Summary of physical parameters of brook
trout captured. N = Sample Size, TL = total length (mm),
STD = standard deviation from the mean.
Stream
N
Range TL (mm) Mean ± STD
Miners O
30
129 - 219
161.1 ± 25.6
Miners R
30
130 - 293
164.4 ± 31.5
Mosquito O
50
111 - 231
159.8 ± 27.4
Mosquito R
30
138 - 235
175.7 ± 27.3
Sevenmile O
50
110 - 266
161.9 ± 27.8
Sevenmile R
30
84 - 171
119.9 ± 25.9
Sullivan's O
9
55 - 178
119.6 ± 49.5
Hurricane O
30
103 -244
151.2 ± 30.2
Hurricane R
30
60 – 215
118.1 ± 38.1
Sable O
9
79 – 195
145.7 ± 35.7
Total
348
55 – 293
148.1 ± 32.0
O = Open sections to Lake Superior
R = Restricted sections not accessible to Lake Superior
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Table 2.3.—Characteristics of microsatellite primers used.
Annealing Size Range
Locus
Temp ( ͦC) (base pairs)
Motif
Sfo-8
*58/51
217-294
Dinucleotide
Sfo-12
*58/51
182-306
Dinucleotide
Sfo-18
58
161-201
Dinucleotide
Sfo-C28
53
177-212
Trinucleotide
Sfo-C38
53
151-164
Trinucleotide
Sfo-D75
*53/51
185-245
Tetranucleotide
Sfo-C113
58
138-172
Trinucleotide
Sfo-C115
*60/51
219-275 Tetra/Dinucleotide
* Touchdown protocol

Table 2.4.—Summary of PCR protocol conditions for eight microsatellites.
Locus
Sfo-8
Sfo-12
Sfo-18
Sfo-C28
Sfo-C38
Sfo-D75
Sfo-C113
Sfo-C115

Fluorescent
Primer
PET
FAM
NED
FAM
VIC
VIC
PET
NED

Annealing
Thermocycler
MgCl₂ Per
Cycles Temp ( ͦC) 10 μl Reaction
Program
30(10,20)
58/51
0.6
Protocol E
30(10,20)
58/51
0.6
Protocol E
35
58
1.0
Protocol A
35
53
0.6
Protocol D
35
53
1.0
Protocol D
35(15,20)
53/51
1.0
Protocol C
35
58
1.0
Protocol B
30(10,20)
60/51
1.0
Protocol F

Table 2.5.—Sample distribution of brook trout
collected in PIRO during 2011 and 2012 season.
Stream/Type
Miners
Mosquito
Sevenmile
*Sullivan’s
Hurricane
*Sable

Open
30
50
50
9
30
9

Restricted
30
30
30
0
30
0

Total
60
80
80
9
60
9

Total Study

348

Open = Access to Lake Superior
Restricted = Isolated headwater sections
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*Dropped from the majority of analyses due to low N

Table 2.6.—Microsatellite loci and descriptions of allelic variation across
eight populations of brook trout from four tributaries located
in Pictured Rocks National Lakeshore.
Mean number Ranges of Meets HardySize range
of alleles/
alleles/
Weinberg
Locus
(base pairs)
population
population Expectation?
Sfo-8
217-294
14.750
5-22
No
Sfo-12
182-306
7.667
3-11
Yes
Sfo-18
161-201
9.500
5-14
Yes*
Sfo-C28
177-212
6.167
4-8
Yes
Sfo-C38
151-164
4.167
3-7
Yes
Sfo-D75
185-245
9.083
4-13
Yes
Sfo-C113
138-172
8.500
4-11
Yes
Sfo – C115
219-275
6.417
2-10
Yes*
*Sig different at P < 0.00625 for 1 of 8 groups

Table 2.7.—Genetic diversity measures for all ten sampled groups of brook trout from six
Lake Superior Tributaries located in Pictured Rocks National Lakeshore, Michigan. All
populations were genotyped at 8 loci; Open = below barrier, Restricted = above barrier,
N = the sample size, and diversity measures for microsatellite DNA loci (observed [H₀]
versus expected [Hₑ] heterozygosity), and A = the mean number of alleles per locus.
Sample
Miners River Open
Miners River Restricted
Mosquito River Open
Mosquito River Restricted
Sevenmile Creek Open
Sevenmile Creek Restricted
*Sullivan’s Creek Open
Hurricane River Open
Hurricane River Restricted
*Sable River Open

Code
MNRO
MNRR
MOSO
MOSR
SVNO
SVNR
SUL
HURO
HURR
SAB

N
30
30
50
30
50
30
9
30
30
9

*Dropped from analyses due to low N
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Hₑ
0.787
0.804
0.723
0.723
0.695
0.586
0.604
0.730
0.677
0.660

H₀
0.707
0.729
0.637
0.613
0.609
0.501
0.462
0.630
0.620
0.516

A
10.625
10.000
9.500
7.875
11.125
6.500
4.500
10.750
8.875
5.750

Table 2.8.—Private allele list with number found at each loci across all groups of brook
trout found in PIRO.
Code

N

Private alleles (number)

Miners R. Open

MNRO

30

Sfo-8 (1), Sfo-12 (1), Sfo-18 (1), Sfo-C28 (1),
Sfo-C38 (1), Sfo-C113 (1), Sfo-C115 (3)

Miners R. Restricted

MNRR

30

Sfo-8 (2), Sfo-12 (3), Sfo-18 (1), Sfo-C113 (1)

Mosquito R. Open

MOSO

50

Sfo-12 (2), Sfo-18 (1), Sfo-D75 (1)

Mosquito R. Restricted

MOSR

30

Sfo-12 (1), Sfo-18 (1)

Sevenmile C. Open

SVNO

50

Sfo-8 (1), Sfo-12 (2), Sfo-C28 (1), Sfo-D75
(1), Sfo-C115 (1)

Sevenmile C. Restricted

SVNR

30

Sfo-8 (1), Sfo-C28 (1)

*Sullivan’s C. Open

SUL

9

Sfo-12 (1), Sfo-C115 (2)

Hurricane R. Open

HURO

30

Sfo-8 (1), Sfo-12 (2), Sfo-18 (2), Sfo-D75 (1),
Sfo-C115 (1)

Hurricane R. Restricted

HURR

30

Sfo-12 (3), Sfo-C28 (1), Sfo-D75 (1)

SAB

9

Sfo-12 (2)

Population

*Sable R. Open

*Dropped from majority of analyses due to low N

Table 2.9.—F-statistics for sections of tributaries of
Lake Superior in PIRO. Fis = inbreeding coefficient,
Fit = Het. of indiv. to population, Fst = fixation index
Section
Fis
Fit
Fst
Total N
0.103
0.170
0.077
Open
0.106
0.156
0.057
Restricted
0.096
0.168
0.080
Table 2.10.—F-statistics for Open and Restricted
sections of four tributaries of Lake Superior in PIRO.
Fis = inbreeding coefficient, Fit = Het. of indiv. to
population, Fst = fixation index
River
Fis
Fit
Fst
MNR
0.089
0.101
0.014
30

MOS
0.113
0.131
0.021
SVN
0.115
0.147
0.042
HUR
0.092
0.123
0.034
Table 2.11.—Pairwise Fst values for both Open and Restricted. Fst on below diagonal,
Probability shown on above diagonal.
MNRO MNRR MOSO MOSR
0.020
0.010
0.010
0.010
0.010
0.010
0.080
0.069
0.010
0.097
0.062
0.030
0.088
0.072
0.042
0.067
0.167
0.136
0.076
0.092
0.082
0.063
0.031
0.039
0.096
0.068
0.050
0.064

SVNO
0.010
0.010
0.010
0.010
0.055
0.017
0.033

SVNR
0.010
0.010
0.010
0.010
0.010
0.065
0.065

Bold = most closely related between groups

Table 2.12.—Pairwise Fst values for Open section, Fst on
below diagonal, Probability shown on above diagonal.
MNRO
MOSO
SVNO
HURO
0.010
0.010
0.010
MNRO
0.010
0.010
0.080
MOSO
0.088
0.042
0.010
SVNO
0.082
0.031
0.017
HURO
Bold = most closely related between groups

Table 2.13.—Pairwise Fst values for Restricted section,
Fst on below diagonal, Probability shown on above diagonal
MNRR
MOSR
SVNR
HURR
0.010
0.010
0.010
MNRR
0.010
0.010
0.062
MOSR
0.136
0.092
0.010
SVNR
0.068
0.064
0.065
HURR
Bold = most closely related between groups

Table 2.14.—Nei Genetic Distance for Open
sections of four Lake Superior Tributaries
located in Pictured Rocks National Lakeshore.
MNRO MOSO SVNO HURO
MNRO
0.380
MOSO
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HURO
0.010
0.010
0.010
0.010
0.010
0.010
0.041

HURR
0.010
0.010
0.010
0.010
0.010
0.010
0.010

MNRO
MNRR
MOSO
MOSR
SVNO
SVNR
HURO
HURR

0.387
0.426

0.151
0.136

0.085

SVNO
HURO

Bold = most closely related between groups

Table 2.15.—Nei Genetic Distance of Restricted
sections of four Lake Superior Tributaries
located in Pictured Rocks National Lakeshore.
MNRR MOSR SVNR HURR
MNRR
0.334
MOSR
0.448
0.191
SVNR
0.336
0.238
0.155
HURR
Bold = most closely related between groups

Table 2.16.—Nei Genetic Distance for Open and Restricted sections of four Lake
Superior tributaries located in Pictured Rocks National Lakeshore.
MNRO MNRR MOSO MOSR SVNO SVNR HURO HURR
MNRO
0.119
MNRR
0.380
0.330
MOSO
0.528
0.334
0.119
MOSR
0.387
0.326
0.151
0.228
SVNO
0.607
0.448
0.192
0.191
0.138
SVNR
0.426
0.345
0.136
0.163
0.149
0.085
HURO
0.455
0.336
0.179
0.238
0.155
0.162
0.126
HURR
Bold = most closely related between groups

Table 2.17.—Accuracy of Assignment between Open sections of four Lake
Superior tributaries in Pictured Rocks National Lakeshore. N = sample
size, As = number assigned to self, A₀ = number assigned to other.
Sample
Code
N
AS
Accuracy
A₀
Miners River
MNRO
30
26
4
87%
Mosquito River
MOSO
50
42
8
84%
Sevenmile River
SVNO
50
37
13
74%
Hurricane River
HURO
30
16
14
53%
Table 2.18.—Accuracy of Assignment between Restricted sections of four
Lake Superior tributaries in Pictured Rocks National Lakeshore. N =
sample size, As = number assigned to self, A₀ = number assigned to other.
Sample
Code
N
AS
Accuracy
A₀
Miners River
MNRR
30
26
4
87%
Mosquito River
MOSR
30
24
6
80%
Sevenmile River
SVNR
30
25
5
83%
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Hurricane River

HURR

30

21

9

70%

Table 2.19.—Accuracy of Assignment between Open and Restricted sections
of four Lake Superior tributaries in Pictured Rocks National Lakeshore. N =
sample size, As = number assigned to self, A₀ = number assigned to other.
Sample
Code
N
AS
Accuracy
A₀
Miners River
MNRO
30
21
9
70%
MNRR
30
21
9
70%
Mosquito River

MOSO
MOSR

50
30

40
22

10
8

80%
73%

Sevenmile Creek

SVN0
SVNR

50
30

42
29

8
1

84%
97%

Hurricane River

HURO
HURR

30
30

24
24

6
6

80%
80%

Table 2.20.—Percentage of brook trout assigned between each site of the four Open
sections located in Pictured Rocks National Lakeshore.
Site
Miners R. Mosquito R. Sevenmile Cr. Hurricane R.
Miners R.
87
2
2
3.5
Mosquito R.
6.5
84
10
16
Sevenmile Cr.
6.5
8
74
27.5
Hurricane R.
6
14
53
Table 2.21.—Percentage of brook trout assigned between each site of the four
Restricted sections located in Pictured Rocks National Lakeshore.
Site
Miners R. Mosquito R. Sevenmile Cr. Hurricane R.
Miners R.
87
3
Mosquito R.
7
80
14
10
Sevenmile Cr.
3
14
83
20
Hurricane R.
3
3
3
70
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Table 2.22.—Pairwise Fst values for Open and Restricted Sections of PIRO including
Sullivan’s Creek.
MNRO MNRR MOSO MOSR SVNO SVNR SUL HURO HURR
MNRO
0.014
MNRR
0.051
0.044
MOSO
0.064
0.044
0.021
MOSR
0.055
0.048
0.027
0.042
SVNO
0.105
0.087
0.051
0.053
0.042
SVNR
0.092
0.079
0.066
0.078
0.043 0.062
SUL
0.054
0.044
0.021
0.027
0.017 0.043 0.048
HURO
0.068
0.055
0.036
0.050
0.027 0.049 0.045 0.034
HURR

Table 2.23.—Number of individuals assigned to the correct
group in PIRO including Sullivan’s Creek. As = number
assigned to self, A₀ = number assigned to other

Site
MNRO
MOSO
SVNO
SUL
HURO

AS
26
41
33
4
16

A₀
4
9
17
5
14

Accuracy
w/ SUL
87%
82%
66%
44%
53%
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Accuracy
w/o SUL
87%
84%
74%
53%

Figure 2.1.— Miners River, Mosquito River, Sevenmile Creek and Hurricane River,
Pictured Rocks National Lakeshore, Alger County, Michigan. Stars show approximate
locations of barriers to fish movement on. Inset shows location on southern shore of
Lake Superior. Modified from Leonard et al. (2013).
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CHAPTER THREE: GENETIC INVESTIGATION OF ADFLUVIAL BROOK TROUT
(SALVELINUS FONTINALIS) IN PICTURED ROCKS NATIONAL LAKESHORE,
MICHIGAN, USA.
CHAPTER OVERVIEW
This study focused on two tributaries located in Pictured Rocks National
Lakeshore, Mosquito River and Sevenmile Creek. Samples were used from 2011
sampling period (N = 50/site). From 2004 to 2012, streams were sampled once a month
and captured brook trout larger than 100mm were implanted with a PIT tag to investigate
individual movement patterns. Fifty adfluvial trout were compared to the resident fluvial
fish from the open sections of the two tributaries (MOS = 20, SVN = 30). Eight
microsatellite loci were used to examine genetic diversity and structure between groups
of brook trout. The results showed that adfluvial brook trout were most closely related to
the fluvial brook trout from their stream of capture rather than to other designated
adfluvial groups, which is consistent with other studies around Lake Superior.
INTRODUCTION
Brook trout (Salvelinus fontinalis) are found most often in freshwater streams and
small lakes, but anadromous populations are found on the east coast of North America
(Behnke 1972; Scott and Crossman 1973), and potadromous brook trout are found in
some large lakes such as Lake Superior (Becker 1983; Power 1980). Like many other
salmonids, brook trout display differential use of habitat through variation in migratory
behavior or morphology associated with different ecological niches (Balon 1980; Power
1980). Features such as body form, feeding morphology, and diet preference vary widely
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(Power 1980). In the Lake Superior basin, brook trout exhibit a variety of life histories.
Fish can spend their entire life within tributary streams (fluvial), spend part of their life
within the lake but return to the stream to spawn (adfluvial), or live within the lake and
spawn in nearshore areas (lacustrine). Individuals that spend time within Lake Superior
(coaster brook trout) may grow larger than stream resident fish and as such are highly
sought by anglers (Newman et al. 2003)
Brook trout are culturally important to anglers of all backgrounds and many state,
federal and tribal agencies invest significant amounts of funding into brook trout research
and management. One of the most unique brook trout forms, the coaster phenotype, is
endemic to Lake Superior and is famous for its large size and migratory habits. Until very
recently, anglers, agencies, and academics assumed that a coaster brook trout was
characterized by large body size and physical presence in Lake Superior for some part of
its life. However, Kusnierz et al. (2009) documented brook trout of unremarkable size
exhibiting coasting behavior (movement into the Superior basin from a stream) in
Pictured Rocks National Lakeshore (PIRO). The adfluvial form of the brook trout is of
conservation concern in the Great Lakes region in order to preserve this life history
variant.
The adfluvial life history has allowed brook trout to colonize ecosystems in the
subarctic regions along the Hudson Bay, temperate areas bordering and east of the
Laurentian Great Lakes, and southern coldwater habitats in the Appalachian Mountains
of Tennessee and Georgia (Power 1980). In the Lake Superior basin, coaster brook trout
were found historically along most of the shoreline (Schreiner 2008; Wilson et al. 2008).
The trout provided a high-profile recreational fishery for much of the 19th and early 20th
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centuries for anglers to catch large numbers of these sizeable brook trout (Newman and
Dubois 1997). The ecosystem in the Lake Superior basin has been altered by several
anthropogenically induced changes, including overharvesting, stream habitat damage
from intense logging, and the introduction of non-native fish. Likely from a combination
of these actions, the coaster fishery collapsed and was thought to persist only in isolated
remnant populations concentrated near Isle Royale, Nipigon Bay Ontario, and the Salmon
Trout River in Michigan (Kelso and Demers 1993, Schreiner et al. 2008).
Historically the adfluvial life history form was found in Pictured Rocks National
Lakeshore, but was thought to have disappeared in the later part of the 20th century
during the fishery collapse (Kelso and Demers 1993). However, recent studies conducted
in PIRO documented individual brook trout moving between watersheds (Kusznierz et al.
2009; Leonard et al. 2013). Currently, a brook trout found within the Lake Superior
portion of PIRO is considered to be an adfluvial (migratory) coaster, while those in the
streams are presumed to be primarily stream residents. The presence of adfluvial coasters
in some streams has also been documented (Kusnierz et al. 2009). In addition, radio
tagged brook trout have migrated along the coast of Lake Superior between PIRO
streams (Leonard pers. comm.). Brook trout bearing passive integrated transponders
(PIT) tags have moved from one stream to another, suggesting that these fish are
interacting with brook trout in multiple watersheds, and that gene flow may occur
between these groups.
Brook trout found in the Lake Superior basin present significant difficulties for
fisheries managers due to the complexity of this species’ variability in life history traits
that complicate the management of the group (Power 1980, Schreiner et al. 2008).
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Managers do not ordinarily treat trout from different watersheds as a single stock
(population) or a single group of fish that exists separately from other groups of fish of
the same species. This default assumption has been the status quo in fisheries
management but has failed repeatedly to describe actual circumstances. When the stock
of interest is composed of groups of fish displaying different life histories, key
management parameters such as suitable habitat availability, stock/population dynamics,
effective population size, and harvest pressure assessment are all impacted. Further, there
is a need to clarify the delineation of populations (and metapopulations) around Lake
Superior using genetic techniques that characterize appropriate management units based
upon the amount of genetic divergence between recognized populations. Lake Superior
brook trout were managed in the past largely as a single ecotype, and population
boundaries were defined by tributary. This resulted in management issues being focused
at the watershed level. Estimates of harvest pressure, suitable habitat availability, and
other factor affecting the populations did not accurately address the substantial life
history variability that exists within brook trout in the region (Newman and DuBois 1997;
Newman et al. 2003; Schreiner et al. 2008)
Currently, PIRO brook trout are managed on a stream or watershed basis. State
fishing regulations for brook trout vary by stream, and are different from the regulations
for the brook trout fishery in Lake Superior. The current regulations do not adequately
address the inter-stream movement behaviors that have been documented in PIRO brook
trout. Furthermore, variations in daily bag limits and minimum length limits for brook
trout in Lake Superior basin are different from stream resident brook trout found in PIRO
leading to individual, mobile fish being subjected to multiple regulations. My project
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addressed the actual population genetic structure found between four tributaries in PIRO.
I examined relationships between the Open (downstream) and Restricted (upstream)
populations as well as how adfluvial coaster fit into the dynamics of brook trout in the
park. These findings can be applied in the discussion about appropriate regulatory
strategies for enhancing brook trout success within PIRO to ensure intraspecific
biodiversity is retained.
METHODS
STUDY SITE.—Pictured Rocks National Lakeshore was authorized by Congress as
America’s first national lakeshore by Public Law 89-668 on October 15, 1966, and it was
formally established on October 6, 1972. PIRO is situated along the southern shore of
Lake Superior in Alger County in Michigan’s Upper Peninsula. It extends 62 kilometers
(km) between Munising on the west end and Grand Marais on the east end, and is 4.8 km
at its widest point. PIRO’s boundary extends into Lake Superior out to 0.4 km
perpendicular to shore, which protects 2,252 ha of Lake Superior’s surface area
(Mechenich et al. 2006). PIRO includes 19 named streams and, in general, streams are
short and have moderate gradients. Flow discharge generally is highest in the late spring
and early summer from a combination of snowmelt and spring rains. PIRO’s watersheds
and their drainage patterns are determined mostly by the topography of underlying
Cambrian rock and surficial Pleistocene and Holocene sediments (Mechenich et al.
2006).
Two Lake Superior tributaries were chosen for this portion of the study, Mosquito
River and Sevenmile Creek (Table 3.1; Figure 3.1). These streams were sites of research
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using passive integrated transponder (PIT) tags, investigating movement patterns of
brook trout. There were RFID antennas at these streams that tracked any brook trout
immigrating or emigrating from the stream. Mosquito R. and Sevenmile Cr. are both
second order streams that flow through a mix of coniferous and deciduous forests. Fish
communities in the rivers are dominated by brook trout, daces (Rhinichthys spp.),
minnows (Notropis spp.), suckers (Castomus spp.), central mudminnow (Umbra limi),
and sculpins (Cottus spp.) (Boyle et al 1999, Leonard et al. 2013). In addition, a number
of exotic aquatic invasive species have been found in PIRO, including steelhead
(rainbow) trout (Oncorhynchus mykiss), pink salmon (Oncorhynchus gorbuscha), coho
salmon (Oncorhynchus kisutch), and Chinook salmon (Oncorhynchus tshawytscha)
(Leonard et al. 2013; Mechenich et al. 2006).
FIELD METHODS.—Brook trout analyzed in this study were sampled using
backpack electrofishing during the 2011 field season in the Open (downstream) sections
of Mosquito R. (MOS) and Sevenmile Cr. (SVN). Each captured brook trout was
measured for total length (TL, mm) and weight (g) (Table 3.2). Caudal fin clips were
collected from all captured brook trout for genetic analysis and all fish over 100mm TL
were implanted with PIT tags (Cross and Leonard unpublished). PIT tag data was
analyzed to determine movement patterns of individual fish (Cross and Leonard
unpublished). Fish were designated as adfluvial if they exhibited a last known movement
out into Lake Superior. The collection effort in 2011 resulted in a total of 150 brook trout,
with 50 classified as adfluvial brook trout. Sevenmile Creek had 50 fluvial and 30 coaster
brook trout, whereas Mosquito R. had 50 fluvial and 20 adfluvial. These trout ranged
from 102-266 mm TL (mean ± SD: 155.4 ± 30.1 mm) at the time of collection.
41

Genetic analyses.—Fin tissue samples were taken from the caudal fin and placed
in individual sampling tubes containing 95% EtOH. Samples were stored at -20˚C until
extractions were performed. DNA was extracted from all samples using QIAGEN
DNeasy kits (QIAGEN, Valencia, California, USA). Eight microsatellite markers were
employed including Sfo8, Sfo12, Sfo 18 (Angers et al., 1995), C24, D75, C28, C38 (T.
King, unpubl. data), and C113, C115 (Sloss et al. 2008) (Table 2.3). Loci were amplified
using polymerase chain reaction (PCR) in 10 μl reaction volumes including: 6μl dH20,
1μl PCR buffer (Bullseye), 1μl or 0.6μl 25 mM MgCl2, 0.4μl dNTPs, 0.1μl forward
primer with CAG tag, 0.3μl florescent labeled CAG tag (Mullen et al. 2006; Schuelke
2000), 0.4μl reverse primer, 0.2μl of Taq polymerase (Bullseye), and 1μl of DNA.
Primers were at a concentration of 10 mM. Loci were amplified on a BioRad
Thermocycler under a variety of primer specific conditions (Table 2.4, Appendix 1). A
subsample of the PCR product was visualized on 1% agarose gel to check for quality
assurance before pooling 4 microsatellites with different fluorescently labeled CAG tags
(PET, VIC, NED, FAM) into 96-well plates. For genotyping, a master mix containing
11.5μl HI-DI formamide and 0.5μl GS600LIZ size standard per well sample was
prepared, and 12μl of the master mix was aliquotted to each well on a 96-well plate for
fragment analysis, then, 1μl of the pooled PCR product was added to the correct well.
Samples were run on an ABI PRISM 3100-Avant Sequencer. Genotypes were scored
based on 20 base-pair standard (GS600 LIZ) through the use of GeneMapper Software
Program. All genotypes were checked for proper scoring by experienced laboratory
personnel.

42

Statistical Analyses.— The program GeneMapper was used to properly align
fragments and score alleles in the eight different loci. Exporting the binned alleles from
GeneMapper to Excel, the genetic statistical software program GenAlEx 6.5 (Peakall and
Smouse 2006, 2012) was used to calculate frequency-based analyses including Fstatistics, expected and observed heterozygosity, Hardy-Weinberg Equilibrium (HWE),
population assignment and relatedness, as well as distance-based genetic statistical
analyses such as Nei’s Genetic Identity and Distance analyses (Nei 1972). Adjustment of
the HWE P-value utilized sequential Bonferroni corrections for multiple tests as
described by Rice (1989). This technique is not as conservative as a normal Bonferroni
correction, which can lead to type II errors.
RESULTS
This study resulted in the collection and analysis of 150 brook trout from PIRO.
Of these samples, 80 were collected from the Open (downstream) section of Sevenmile
Creek and 70 from the Open section of the Mosquito River. After movement analysis, 50
of these Brook trout were designated as coaster or adfluvial fish (Mosquito River = 20;
Sevenmile Creek = 30) (Table 3.3).
All eight loci were polymorphic across all populations (Table 3.4) with the total
number of alleles ranging from 3 (Sfo-C38) to 22 (Sfo-8). Significant deviations from
Hardy-Weinberg expectations were observed at 16 locus-per-population comparisons.
Locus Sfo-8 consistently deviated from HW expectations, and even after sequential
Bonferroni corrections were performed three locus-per-population comparisons remained
significant. I decided to keep Sfo-8 in order to retain resolution in the study. Deviations
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from HW expectations can be due to a number of factors including the presence of null
alleles, nonrandom sampling, or scoring errors, and it can be difficult to determine the
true cause (Castric et al. 2002). Locus Sfo-C28 had one comparison remaining
significant after corrections. All remaining locus HW deviations were rendered
nonsignificant after sequential Bonferroni corrections (Table 3.4).
GENETIC DIVERSITY AND POPULATION DIFFERENTIATION
A consistent level of genetic diversity was observed within and between the
sampled populations (Table 3.5). The average observed heterozygosity over all loci was
lowest in the samples from Mosquito River adfluvial (0.550) and highest in Mosquito
River fluvial (Open) (0.637). The lowest average number of alleles was found in
Mosquito River adfluvial (6.25) and the highest in Sevenmile Creek fluvial (Open)
(11.125). There was a trend for slightly lower measures of diversity (heterozygosity and
mean number of alleles) in the adfluvial designated group than that of the fluvial (Table
3.5). Comparison between the two rivers showed that Sevenmile Cr. had higher observed
heterozygosity than that of Mosquito River (Avg. 0.6075, 0.590). The lowest average
number of alleles was found in Mosquito River (7.875) and the highest in Sevenmile
Creek (9.375).
Fifteen private alleles were observed between the Mosquito River and Sevenmile
Creek PIRO brook trout groups, ranging from a low of 3 (MOS adfluvial) to a high of 20
(SVN fluvial) (Table 3.6). There was a trend for lower numbers of private alleles in the
adfluvial designated trout than that of the fluvial brook trout (Avg. 5, 14.5). Measures of
population subdivision (Fst = (Ht - Mean He) / Ht) across Mosquito River and Sevenmile
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Creek groups was 0.046 and between groups 0.027 (fluvial) and 0.015 (adfluvial) (Table
3.8). Significant deviation of Fst from zero (indicating genetic subdivision) was observed
between all sampled groups (P<0.001; 1,000 iterations). Pairwise Fst resulted in adfluvial
designated trout being most closely related to trout from their stream of capture (i.e.
Mosquito adfluvial and Mosquito fluvial) (Table 3.7).
Significant deviations in allele frequency were observed for all pairwise
comparisons (P< 0.01; 100 iterations). According to Wright (1978) Fst values of 0.05 to
0.15 shows moderate differentiation and groups in both sampled populations fell below
this range. Inbreeding coefficient (Fis = (Mean He - Mean Ho) / Mean He) across
Mosquito River and Sevenmile Creek populations was 0.106 and between groups 0.100
(fluvial) and 0.063 (adfluvial) (Table 3.6). Another frequent way to estimate the genetic
relationship between populations is Nei’s Genetic Distance (D) (Nei 1972). Comparing
the genetic distance between the four groups (two fluvial, two Adfluvial) found that
Mosquito River adfluvial were most closely related to Mosquito River fluvial brook trout
(0.133) and Sevenmile River adfluvial were most closely related to Sevenmile fluvial
brook trout (0.068) (Table 3.8).
ASSIGNMENT TESTING
Individual assignment tests between the two adfluvial groups showed high
accuracy of assignment. For Sevenmile River 97% of adfluvial fish were correctly
assigned, while 80% of the Mosquito River adfluvial were correctly assigned (Table 3.9).
When the fluvial brook trout from Mosquito River and Sevenmile Creek were compared
to the adfluvial group from that river (i.e. MOS fluvial to MOS adfluvial), the assignment
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accuracy in both adfluvial groups declined (MCST 75%, SCST 90%) (Table 3.10). When
all groups were pooled together the assignment test once again declined for the adfluvial
groups (MCST 70%, SCST 86%) (Table 3.11). Examining into where the misassigned
individuals where being assigned helped to show where possibly shared gene pools and
gradients of genetic differentiation were occurring between groups. Within the Mosquito
fluvial group, 10/15 were assigned to the Mosquito adfluvial group, 2/15 to Sevenmile
fluvial and 3/15 were assigned to Sevenmile adfluvial group (Table 3.12). In the
Mosquito adfluvial group, 4/6 of the misassigned were assigned to the Mosquito fluvial
group and 2/6 to the Sevenmile fluvial group. Within the Sevenmile fluvial group, 13/21
were assigned to the Sevenmile adfluvial group, 5/21 to Mosquito fluvial and 3/21 were
assigned to Mosquito adfluvial group. Looking into the Sevenmile adfluvial group, 3/4
were assigned to the Sevenmile fluvial section and 1/4 to the Mosquito fluvial group.
DISCUSSION
Microsatellite DNA loci were used to evaluate the genetic structure of fluvial and
adfluvial brook trout from two major tributaries of Lake Superior located in Pictured
Rocks National Lakeshore. Restoring native fisheries has been at the center of research in
Lake Superior for many years, starting with the restoration of the lake trout (Salvelinus
namaycush). Adfluvial brook trout research and restoration has gained more attention
since the late 90’s and early 2000’s. Researching what systems are still producing
adfluvial brook trout and how they affect surrounding populations has furthered the
understanding of the role adfluvial fish play in metapopulation dynamics.
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The results of this study suggest that adfluvial and fluvial brook trout groups are
interdependent, with adfluvial brook trout acting as vectors for gene flow among select
tributary habitats. This was confirmed in both Mosquito River and Sevenmile Creek by
the small genetic distance and the high assignment probabilities of adfluvial groups when
compared to the fluvial groups from each tributary (Table 3.8; Table 3.9; Table 3.11).
Extensive within-lake movements of potadromous brook trout have been documented in
post-glacial lake remnants in Quebec (Fraser and Bernatchez 2005) with individuals
being recaptured more than 80km from their spawning sources. D’Amelio and Wilson
(2008) suggested that future efforts for conservation should focus on regional populations
to determine their spatial extent, productivity, and degree of connectivity with other
populations which will help to identify major source sink rivers of metapopulations.
The clear demonstration of shared ancestry between coaster and river-resident
brook trout, along with the interdependency of lake and river populations, highlights the
need to rehabilitate tributary systems in order to restore adfluvial coaster numbers.
Within Mosquito River and Sevenmile Creek, Cross and Leonard (unpublished) found no
correlation between condition or total length and the expression of adfluvial movement
behavior. Tributaries in Lake Superior vary in the proportion of adfluvial brook trout
derived from fluvial populations (D’Amelio et al. 2008). Cross and Leonard
(unpublished) also found differences in the number of classified adfluvial fish (MOS
n=35 and SVN n=106) which is consistent with the underlying genetic relatedness
between Mosquito and Sevenmile brook trout (Table 3.8). If Sevenmile Creek is
producing three times as many adfluvial fish than Mosquito River, there would be a
higher probability of a brook trout making it into surrounding tributaries (i.e. Hurricane
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River). This higher presence of adfluvial trout exiting Sevenmile Creek may be why we
see the shared gene pool between these two systems.
Varying levels of gene flow among spawning populations in this system further
suggests that under normal conditions, brook trout populations in continuous lake-river
environments function as a stable metapopulation (Fraser and Bernatchez 2005;
D’Amelio and Wilson 2008). Adfluvial brook trout in Lake Superior may link rivers into
a network of populations and some rivers produce more coasters, possibly as a
consequence of habitat supply or population dynamics (D’Amelio and Wilson 2008). In
order to properly manage and conserve native fisheries of brook trout and all life histories
in PIRO and around Lake Superior, managers must first understand the underlying
dynamics of the populations (i.e. movement and genetics). The results of this study
indicate that in order to protect coasters we must protect the fluvial populations from
which they derive from and the habitat in those streams.
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Table 3.1.—Physical characteristics of two study streams located within PIRO, Michigan.
Stream
Mosquito River
Sevenmile Creek

Watershed
Area (ha)
3,411
2,103

Length
(km)
8.5
2.5

Range
discharge (mᶟ/s)
0.11-1.09
0.439-0.694

(Handy and Twenter 1985; MIDEQ 1998; Boyle et a. 1999; Mechenich et al. 2006)

Table 3.2.—Brook trout sample size along with range of
Total Length (TL), the Mean and the Standard Deviation (STD)
BKT
Stream
N
Range TL Mean ± STD
Mosquito O
50
111 - 231
159.8 ± 27.4
Mosquito CST
20
109 - 209
146.6 ± 28.1
Sevenmile O
50
110 - 266
161.9 ± 27.8
Sevenmile CST
30
102 - 205
153.4 ± 37.2
Total
150
102-266
155.4 ± 30.1
O = Open sections to Lake Superior
CST = “Coaster” or Adfluvial Brook trout

Table 3.3.—Sample distribution of brook trout
Collected in PIRO during 2011 season.
Stream/Type
Mosquito O
Sevenmile O
"Coaster"

Open
50
50
50

Restricted
NA
NA
NA

Total
50
50
50

Total Study

150

Open = Access to Lake Superior
Coaster = PIT/RFID data (Cross. Unpublished)
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Waterfall distance
from mouth (km)
2.36
NA

Table 3.4.—Microsatellite loci and descriptions of allelic variation across
two populations (four groups) of brook trout from two tributaries located
in Pictured Rocks National Lakeshore.
Mean number Ranges of Meets HardySize range
of alleles/
alleles/
Weinberg
Locus
(base pairs)
population
population Expectation?
Sfo-8
217-294
17.5
13-22
No
Sfo-12
182-306
7.5
4-11
Yes
Sfo-18
161-201
9.25
7-12
Yes
Sfo-C28
177-212
5.5
4-8
Yes*
Sfo-C38
151-164
4.25
3-5
Yes
Sfo-D75
185-245
9.25
6-13
Yes
Sfo-C113
138-172
8.25
6-11
Yes
Sfo – C115
219-275
7.50
5-10
Yes
*Sig different at P < 0.00625 for 1 of 4 groups
Table 3.5.—Genetic diversity measures for four sampled groups (two populations) of
brook trout from two Lake Superior tributaries located in Pictured Rocks National
Lakeshore, Michigan. All populations were genotyped at eight loci; Open = Below
Barrier, Coaster = adfluvial brook trout (PIT/RFID data), N = the sample size, and
diversity measures for microsatellite DNA loci (observed [H₀] versus expected [Hₑ]
heterozygosity), and A = the mean number of alleles per locus.
Sample
Mosquito River Fluvial
Mosquito River Adfluvial
Sevenmile Creek Fluvial
Sevenmile Creek Adfluvial

Code
MOSO
MCST
SVNO
SCST

N
50
20
50
30

Hₑ
0.723
0.656
0.695
0.661

H₀
0.637
0.550
0.609
0.606

A
9.500
6.250
11.125
7.625

Table 3.6.—Private allele list with number found at each loci.
Population

Code

N

Private alleles (number)

Mosquito R. Fluvial

MOSO

50

Sfo-8 (1), Sfo-12 (3), Sfo-18 (2), Sfo-C38 (1), SfoD75 (1), Sfo-C115 (1)

Mosquito R. Adfluvial

MCST

20

Sfo-8 (2), Sfo-C28 (1)

50

Sevenmile Cr. Fluvial

SVNO

50

Sfo-8 (3), Sfo-12 (5), Sfo-18 (3), Sfo-C28 (4), SfoD75 (3), Sfo-C113 (1), Sfo-C115 (1)

Sevenmile Cr. Adfluvial

SCST

30

Sfo-8 (2), Sfo-C28 (2), Sfo-C115 (3)

Table 3.7.—F-statistics for sections of tributaries of
Lake Superior in PIRO. Fis = inbreeding coefficient,
Fit = Het. of indiv. to population, Fst = fixation index
Sample
Fis
Fit
Fst
Total N
0.106
0.145
0.046
Fluvial
0.100
0.124
0.027
Adfluvial
0.063
0.068
0.015
Table 3.8.—Pairwise Fst values for fluvial and adfluvial groups.
MCST
SCST
MOSO
SVNO
0.058
0.040

0.041

0.060

0.015

*all significant at p < 0.01

-

-

MCST

-

-

SCST

-

MOSO

0.042

SVNO

Bold = most closely related

Table 3.9.—Nei’s Genetic Distance fluvial and adfluvial
groups of four Lake Superior tributaries located
in Pictured Rocks National Lakeshore.
MCST SCST MOSO SVNO
MCST
0.201
SCST
0.144
0.133
MOSO
0.216
0.151
0.068
SVNO
Bold = most closely related

Table 3.10.—Accuracy of assignment between adfluvial designated
brook trout located in sections of two Lake Superior tributaries in PIRO.
N = sample size, As = number assigned to self, A₀ = number assigned to other.
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Sample
Mosquito River
Sevenmile Creek

Code
MCST
SCST

N
20
30

As
16
29

A₀
4
1

Accuracy
80%
97%

Table 3.11.—Accuracy of assignment between fluvial adfluvial
brook trout located in sections of two Lake Superior tributaries in PIRO. N =
sample size, As = number assigned to self, A₀ = number assigned to other.
Sample
Code
N
As
Accuracy
A₀
Mosquito River
MOSO
50
39
11
78%
Mosquito River
MCST
20
15
5
75%
Sevenmile Creek
Sevenmile Creek

SVNO
SCST

50
30

35
27

15
3

70%
90%

Table 3.12.—Accuracy of assignment between fluvial (Open) and adfluvial
designated brook trout located in sections of two Lake Superior tributaries in PIRO.
N = sample size, As = number assigned to self, A₀ = number assigned to other.
Sample
Code
N
As
Accuracy
A₀
Mosquito River
MOSO
50
35
15
70%
Mosquito River
MCST
20
14
6
70%
Sevenmile Creek
SVNO
50
29
21
58%
Sevenmile Creek
SCST
30
26
4
86%

Table 3.13.—Percentage of adfluvial brook trout assigned between four
groups, two in each site of the streams located in Pictured Rocks National Lakeshore.
Mosquito R.
Mosquito R.
Sevenmile Cr.
Sevenmile Cr.
Site
Open
Coasters
Open
Coasters
MOSO
70
20
10
4
MSCT
20
70
6
SVNO
4
10
58
10
SCST
6
26
86
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Figure 3.1.—Miners River, Mosquito River, Sevenmile Creek, Sullivan’s Creek,
Hurricane River and Sable River, Pictured Rocks National Lakeshore, Alger County,
Michigan. Inset shows Alger county Michigan. Modified from Leonard et al. (2013)
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CHAPTER FOUR: CONCLUSIONS
Microsatellite DNA loci were used to evaluate the genetic structure of brook trout
from four major tributaries of Lake Superior located in Pictured Rocks National
Lakeshore and I found evidence of varying degrees of genetic differentiation and
population structure on a geographic scale. In Pictured Rocks National Lakeshore,
despite varying levels of hatchery stocking in the tributaries, wild recruitment is the main
contributor to the standing stocks of brook trout in the park (Leonard et al. 2013).
Adfluvial brook trout research and restoration has gained more attention since the late
1990’s and early 2000’s in the Lake Superior basin (Danzmann and Isshen 1995;
D’Amelio et al. 2008; Kusnierz et al 2009; Leonard et al. 2013; Scribner et al. 2012;
Sloss et al. 2008; Stott et al. 2010). Researching what systems are still producing
adfluvial brook trout and how they affect surrounding populations has furthered the
understanding of the role adfluvial brook trout play in metapopulation dynamics.
Investigating the genetic population structure of brook trout in Pictured Rocks
National Lakeshore shed light onto the understanding of the complexity of interactions
between tributaries in the park and around Lake Superior. There were consistent levels of
higher allelic diversity among Open populations compared to the Restricted which may
be due in part to dispersal and gene flow among sites. The barriers that are present in the
stream vary in height and the majority would only be sufficient to stop upstream
movement of brook trout. Greatest differences observed among above-barrier sites
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reflected their geographic distance of the sampling sites between Open and Restricted
sections.
This study identified three distinct groups; the recognizably distinct brook trout
from Miners and Mosquito Rivers both contrasted with the more admixed gene pool
among Sevenmile Creek and Hurricane River. These data also indicated low levels of
gene flow between the shared gene pool of Sevenmile Creek and Hurricane River to
Mosquito River. When Sullivan’s Creek fish were added to the equation, they fit with the
shared gene pool of Sevenmile Cr. and Hurricane R., being most similar to Sevenmile Cr.
brook trout. In contrast, Miners R., which was the most distinct group of brook trout, had
very few individuals misassigned.
This study was able to show varying levels of genetic similarity between
populations which corresponded with geographic distance and movement probabilities
between the tributaries. Adfluvial brook trout were shown to be genetically indistinct and
associated most closely with brook trout from the river. Varying amounts of gene flow
(genetic distance and relatedness) among tributaries in PIRO further confirm that under
normal conditions, brook trout populations in continuous lake-river environments
function as a stable metapopulation. Adfluvial brook trout in Lake Superior have been
shown to link rivers into a network of populations acting as vectors for gene flow among
select tributary habitats. Some systems produce more adfluvial brook trout, possibly as a
consequence of habitat supply or population dynamics. Cross and Leonard (unpublished)
found differences between rivers in the number fish classified as adfluvial (MOS n=35
and SVN n=106), which is consistent with the underlying genetic relatedness between
Mosquito River and Sevenmile Creek brook trout.
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Future efforts for conservation should focus on regional populations to determine
their spatial extent, productivity, and degree of connectivity with other populations which
will help to identify the major source and sink rivers of metapopulations. The collection
of more samples in Sullivan’s Creek would allow the expansion of this genetic
investigation and offer insight into the metapopulation dynamics that are occurring
between Sevenmile Creek and Hurricane River. If we can interpret the genetic
relationship between systems as reflecting the proportion of brook trout movement, then
we would be able to better manage populations by quickly sampling and analyzing the
genetics and wouldn’t have to intensively sample and monitor fish stocks such as in
movement studies. There is a need to not just report levels of genetic relatedness
between groups of brook trout in Lake Superior, but to investigate the underlying
movement biology. This next step will require synthesizing all available genetic and
movement data on brook trout populations in order to come up with a metric that would
describe probabilities of movement based on genetic relatedness.
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APPENDIX A
PCR profile for each of the six thermocycler programs Protocol A-F.
Protocol A.—Denatured 2 min at 95°C, heated to 95°C for 45 s, 58°C for 45 s,
and 72°C for 1.5 min. The amplification cycle was repeated 35 times, and a final
extension step was performed for 5 min at 72°C.
Protocol B.—Denatured 2 min at 94°C, heated to 94°C for 45 s, 58°C for 45 s,
and 72°C for 1.5 min. The amplification cycle was repeated 35 times, and a final
extension step was performed for 30 min at 68°C.
Protocol C.—Denatured 2 min at 94°C, heated to 94°C for 1 min, 53°C for 35 s,
and 72°C for 10 s. The amplification cycle was repeated 15 times then, heated to
94°C for 1 min, 51°C for 35 s, and 72°C for 10 s. The amplification cycle was
repeated 20 times and a final extension step was performed for 5 min at 72°C.
Protocol D.—Denatured 2 min at 94°C, heated to 94°C for 45 s, 53°C for 45 s,
and 72°C for 1.5 min. The amplification cycle was repeated 35 times, and a final
extension step was performed for 30 min at 68°C.
Protocol E.— Denatured 3 min at 95°C, heated to 95°C for 30 s, 58°C for 30 s,
and 72°C for 30 s. The amplification cycle was repeated 10 times then, heated to
95°C for 30 s, 51°C for 30 s, and 72°C for 30 s. The amplification cycle was
repeated 20 times and a final extension step was performed for 7 min at 72°C.
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APPENDIX A (Cont.)
Protocol F.— Denatured 3 min at 95°C, heated to 95°C for 30 s, 60°C for 30 s,
and 72°C for 30 s. The amplification cycle was repeated 10 times then, heated to
95°C for 30 s, 51°C for 30 s, and 72°C for 30 s. The amplification cycle was
repeated 20 times and a final extension step was performed for 7 min at 72°C.
Protocol A previously Stott 58
Protocol B previously MULT B
Protocol C previously Sco 19
Protocol D previously MULT D
Protocol E previously Sfo 58/51
Protocol F previously Sfo 60/51
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